Since the initial observation in 1888 by Chittenden and Hutchinson t that uranium salts would induce an acute nephropathy, these substances have been extensively used as acute nephrotoxic agents. Only a few observations have been made of the effect of these salts on the kidney in prolonged intoxications. Such observations as have been made are largely concerned with the type of the pathological response on the part of the kidney, and a study of the processes of repair which take place in the kidney during its recovery from the acute injury.
In 1904 Richter 2 employed uranium to induce a condition in animals analogous to Bright's disease. As a result of Richter's observations, uranium was employed by Dickson 3'4 in two researches, in which he demonstrated that prolonged intoxications by uranium nitrate would induce in guinea pigs, rabbits, and dogs a kidney injury which was comparable with some of the types of chronic kidney disease found in man. The form of injury most frequently induced was * Aided by a grant from The Rockefeller Institute for Medical Research. 1 Chittenden, R. H., and Hutchinson, M. T., Some experiments on the physiological action of uranium salts, Tr. Conn. Acad. Arts and Sc., 1888-92, viii, 1. 2 Richter, P. F., Die experimentelle Erzeugung von Hydrops bei Nephritis, Beitr. klin. Med., Festschrift, Professor Senator, Berlin, 1904, 283. 3 Dickson, E. C., A report on the experimental production of chronic nephritis in animals by the use of uranium nitrate, Arch. Int. Med., 1909, iii, 375. 4 Dickson, E. C., A further report on the production of experimental chronic nephritis in animals by the administration of uranium nitrate, Arch. Int. Med., 1912, ix, 557. 513 of a diffuse interstitial type which in some instances went to the stage of granular atrophy. Associated with these later stages, certain of the animals became polyuric.
The present investigation has been undertaken with the object in view of studying the functional capacity of the kidney during the period of acute injury from uranium, and also during the period when the kidney is recovering from the acute degeneration and passing into that stage of chronic injury which is characterized by such changes in structure that the kidneys may be considered to represent some type of chronic nephropathy. The investigation has a further object. In previous papers 5' 6 the observation has been made that the acute injury to the normal kidney, or to the naturally nephropathic kidney, by uranium is associated with the development of an acid intoxication. In the present study observations will be made of the changes in .the acid-base equilibrium of the blood of these animals, not only during the period of acute damage to the kidney, but during the period of recovery from such an injury, when the relation may be studied of such changes in the blood with the processes of repair in the kidney, and the return of the functional response of the kidney.
EXPERIMENTAL.
Twenty-seven female dogs have been used in this series of experiments. The animals have varied from 5 months to 10½ years in age. They were kept in metabolism cages for 4 days prior to the commencement of the intoxication. During this period studies of the urine, blood, and the functional capacity of the kidney were made, in order to eliminate animals with a naturally acquired nephropathy. All the animals were free from renal disease. The animals were given 500 cc. of water daily, and fed on bread with 6 MacNider, W. deB., The inhibition of the toxicity of uranium nitrate by sodium carbonate, and the protection of the kidney acutely nephropathic from uranium from the toxic action of an anesthetic by sodium carbonate, J. Exp. Med., 1916, xxiii, 171. 6 MacNider, W. deB., The stability of the acid-base equilibrium of the blood in naturally nephropathic animals, and the effect on renal function of changes in this equilibrium. I, J. Exp. Med., 1918, xxviii, 501. a small amount of cooked lean beef. The animals were catheterized once a day, and the amount of urine obtained was added to the cage urine for analysis. The experiments were terminated at various periods during the intoxication without employing an anesthetic. This method of termination eliminates the probability of inducing acute degenerative changes in the liver as well as the kidney. The animals were poisoned by one dose of 4 rag. of uralfium nitrate per kilo. The uranium was given subcutaneously.
During the course of the experiments the urine was examined quantitatively for albumin by Esbach's method, and for glucose with Benedict's reagent. The functional capacity of the kidney was studied by noting the percentage retention of blood urea, as shown by Marshall's 7 method, as modified by Van Slyke and Cullen, 8 and also by the elimination of phenolsulfonephthalein. The latter functional test was conducted according to the technique of Rowntree and Geraghty. ° Observations on the acid-base equilibrium of the blood were made by employing the methods of Marriott l°,n by ascertaining the alkali reserve of the blood and the tension of alveolar air carbon dioxide.
The Course of Prolonged Intoxication by Uranium in the Dog.
A large number of preliminary experiments has been necessary, in order to determine the dose of uranium which would effect a severe renal injury, and yet not be sufficiently toxic to injure the kidney so that processes of repair could not arise and lead to the development of a chronic nephropathy. As a result of these pre-7 Marshall, E. K., Jr., A rapid clinical method for the estimation of urea in urine, J. Biol. Chem., 1913, xiv, 283. 8Van Slyke, D. D., and Cullen, G. E., A permanent preparation of urease, and its use in the determination of urea, J. Biol. Chem., 1914, xix, 211. 9 Rowntree, L. G., and Geraghty, J. T., An experimental and clinical study of the functional activity of the kidneys by means of phenolsulphonephthalein, J. Pharmacol. and Exp. Therap., 1909-10, i, 579. 10 Marriott, W. McK., A method for the determination of the alkali reserve of the blood plasma, Arch. Int. Med., 1916, xvii, 840. n Marriott, W. McK., The determination of alveolar carbon dioxide tension by a simple method, J. Am. Med. Assn., 1916 , Ixvi, 1594 liminary experiments, an observation previously made by me 12 was confirmed, that the toxicity of uranium, as expressed by the severity of the kidney injury, largely depended upon the age of the animal.
A study of the experiments which follow not only illustrates the relative toxicity of uranium for animals of different ages, but also shows that young animals may so repair the damage done the kidney by uranium that they can, with the development of a chronic type of nephropathy, reestablish to some extent the function of the kidney, while in the older animals these changes of repair do not occur.
As a result of these observations it has seemed advisable to group the experiments used in this study according to the age of the animal. Group 1 is represented by seven animals between 6 and 10½ years of age; Group 2, by eight animals varying from 1 to 4 years of age; while Group 3 includes twelve animals from 5 to 11 months of age. From the experiments in the different groups of animals, the course of the intoxication, as illustrated by one experiment typical for the group, is included in the form of a table. In order to reduce the space required for the tables, only observations on every 3rd day of the experiment have been tabulated.
Group 1. Animals Varying in Age from 6 to 10½ Years.
Seven animals are included in this group. Four o[ the experiments were artificially terminated, one on the 6th, 8th, 10th, and 12th days respectively following the commencement of the uranium intoxication. Of the remaining three animals of the group two died on the 10th day of the intoxication in a comatose condition, which rapidly developed following a period of convulsions. The third animal died on the 6th day in air-hunger. None of the animals of this group survived the intoxication for longer than 12 days.
Reference to Table I shows the course of the intoxication in an animal representative of this group. During the first 24 hour period following the injection of uranium there occurs an increase 12 MacNider, W. de B., A consideration of the relative toxicity of uranium nitrate for animals of different ages. I, J. Exp. Med., 1917, xxvi, 1. in the output of urine. At this early period both albumin and glucose appear in the urine, and the centrifugalized urine shows both hyaline and granular casts. Evidence of kidney injury is indicated by the sudden reduction in the elimination of phenolsulfonephthalein and by a retention of blood urea. In Experiment 1 the output of phenolsulfonephthalein was reduced within 24 hours from the normal elimination of 58 per cent to 20 per cent, while the blood urea showed a retention of 0.028 per cent as opposed to the normal of 0.015 per cent.
The acid-base equilibrium of the blood in this group of old animals has shown a similar abrupt change in favor of a decrease in the alkali reserve. The reserve alkali in Experiment 1 was re- duced from 8.1 to 8, while the tension of alveolar air carbon dioxide was reduced from 41 mm. to 37 mm. The progress of the intoxication in this group of old animals, as shown by Table I , has consisted in a rapid reduction in the formation of urine, an increase in the amount of both albumin and glucose in the urine, and a progressive decrease in the functional capacity of the kidney, as shown by the elimination of phenolsulfonephthalein and the retention of blood urea. This functional change in the kidney is associated with a rapid decrease in the alkali reserve of the blood and an associated reduction in the tension of carbon dioxide in alveolar air. Both the functional response of the kidney and the reduction in the alkali reserve of the" blood are progressive in severity with the duration of the exPeriment. In this group of old animals there has been no attempt at a restoration of renal function and no reestablishment of a normal acid-base equilibrium.
The kidneys from the animals of this group have shown no characteristic gross pathological change. The surface is smooth and the capsule has not been adherent. On section the cortex is pale. The tissue at the corticomedullary junction has shown a large amount of fat, which extends into the cortex in streaks. The histological study has shown a degree of degeneration which depends for its severity and extent upon the duration of the intoxication. In the animals of this group in which the kidneys were obtained prior to the 8th day, the degenerative changes have been largely confined to the tubules. These changes have consisted in an acute swelling and vacuolation, which first appears in the third portion of the convoluted tubule. This change is followed by pyknosis of the nuclei and necrosis of the epithelium. Even at this early stage of the intoxication the ascending limb of Henle's loops contains a large amount of fat. The accumulation of fat is more marked in the kidneys of this older group of animals than in any of the remaining younger groups.
By the 10th to the 12th days of the intoxication the epithelial injury has become more diffuse. All the proximal convoluted tubule has participated in the degeneration, and the epithelium of the distal convoluted tubules and junctional tubules has shown evidence of injury. In addition to the extension of the epithelial injury the vascular tissue of the kidney becomes involved in the degeneration. The intertubular and glomerular capillary endothelinm has shown a peculiar hyaline type of change, and later becomes vacuolated. Following this degeneration of the vascular tissue exudates occur between the tubules and into the capsular space of the glomeruli (Fig. 1) .
In this group of old animals there has been no indication of an attempt to repair the injury. There is no evidence of nuclear division.
Group 2. Animals Varying in Age from 1 to 4 Years.
Eight animals are included in this group. Three of the experiments were terminated on the 6th day and two on the 10th day. Of the remaining animals, one died on the 14th day and two on the 21st day.
The course of the intoxication in the animals of this age grouping resembles in general the response obtained with the older animals of Group 1.
The injection of the animals of this group with 4 rag. of uraifium nitrate is followed within 24 hours by the appearance of both albumin and glucose in the urine (Table II) . Following an initial increase in the formation of urine the daily output is rapidly reduced so that by the 14th day, as indicated in Experiment 2, only 35 cc. of urine were formed. Within a few hours of the appearance of albumin in the urine there is a reduction in the reserve alkali of the blood, a decrease in the elimination of phenolsulfonephthalein, and a retention of blood urea. These changes in the functional capacity of the kidney and in the acid-base equilibrium of the blood progress in severity with the duration of the experiment. A study of tables of animals representative of Groups 1 and 2 (Tables I and II) shows the following variations in the response of the animals of the two groups to the intoxication. The older animals of Group 1 show a'more rapidly developing intoxication, as indicated by an earlier reduction in the formation of urine, by the urine's contain-ing a larger amount of both albumin and glucose, and by the more rapid development of a severe kidney injury. In addition to these variations in the severity of the intoxication in the two groups of animals, a similar variation has occurred in the rate with which the alkali reserve of the blood in the two groups shows a depletion. By the 8th day of the intoxication in Experiment 1 of Group 1 the alkali reserve had been reduced to 7.75, while in Experiment 2 of the younger group of animals, Group 2, this degree in the reduction of the alkali reserve was obtained on the llth day.
A study of the rate with which the kidney shows evidence of injury in the two groups indicates that the kidneys of the older animals are more susceptible to injury than is the case with the younger group of animals. In Experiment 1 of Group 1, within the first 24 hour period the elimination of phenolsulfonephthalein was reduced from 58 per cent to 20 per cent, and a retention of blood urea developed of 0.028 per cent as compared with the normal of 0.015 per cent.
In the younger animals of Group 2, as illustrated by Experiment 2, such a rapid injury to the kidney did not develop. During the first 24 hour period of the intoxication the elimination of phenolsulfonephthalein was only reduced from 68 per cent to 63 per cent, and during this same period there was no retention over the normal in blood urea.
The pathological study of the kidneys from the animals of G~oup 2 has shown only one outstanding difference from the pathological reaction described as occurring in the animals of Group 1. In both groups the epithelium of the convoluted tubules has shown the most marked evidence of injury. The type of injury has been the same. The kidneys of the younger group of animals, Group 2, that have been obtained after the 6th day of the intoxication, show definite evidence of repair by a beginning regeneration of tubular epithelium (Fig. 2) . The regeneration first appears in the third or terminal portion of the convoluted tubule. In the cells of this portion of the tubule which have sufficiently withstood the process of degeneration, new epithelium is formed by a process of indirect cell division. At first the newly formed cells are large and have a clear cytoplasm. Later these cells flatten out and contain a small amount of deeply staining cytoplasm in proportion to the large hypochromatic nuclei.
In Fig. 2 the different stages in the regeneration of atypical cells in the convoluted tubules is clearly shown.
In this second group of animals which differ from the first group in that an attempt at repair has commenced in the kidneys, the processes of repair have not sufficiently progressed to be expressed by any improvement in the functional capacity of the kidney or by any change in the direction of restoring the normal acid-base equilibrium of the blood.
Group 3. Animals Varying in Age from 5 to 11 Months.
Twelve animals are included in this group. Two of the experiments were terminated on the 6th day of the intoxication, four on the 16th day, two on the 20th, two on the 35th day, and the remaining two experiments on the 48th day.
A study of Tables III and IV , of Group 3, shows not only the stage of degeneration in these animals as indicated by the kidney injury and the disturbance in the acid-base equilibrium of the blood, but also the second period in the intoxication, which is characterized by a partial restoration in the functional capacity of the kidney, and by an attempt to restore the normal add-base equilibrium of the blood.
The response of this youngest group of animals to an intoxication by uranium is similar qualitatively to the response which has been obtained in Groups 1 and 2 of the older animals. The difference in the reaction of these younger animals to uranium is shown by a delay in the development of the kidney injury and by the fact that the alkali reserve of the blood does not show so rapid a depletion as was the case with the older groups of animals. A further study also shows that an animal of this group (Experiment 4, Table IV) may during the course of the intoxication show as marked evidence of kidney injury and as great a depletion in alkali reserve as did the older animals of Groups 1 and 2, yet following this degree of injury the younger animals (Group 3) are able to some extent to return to the normal, while with the older animals such a reparative reaction has not occurred.
In Experiments 3 and 4 (Tables III and IV) these younger animals have shown less albumin in the urine than has been the case with the older animals. During the first 24 hour period of the intoxication these animals have shown a reduction in the elimination of phenolsulfonephthaiein and a retention of blood urea. In these animals, however, the reduction in the elimination of the dye is not so rapid and the retention of blood urea is not so great as is the case with the older groups of animals.
In this group of young animals there is the usual association between the kidney injury and the reduction in the alkali reserve of the blood. This disturbance in the acid-base equilibrium of the blood shows a gradual development. In Experiment 4 (Table IV) the greatest reduction in alkali reserve was 7.75, which was obtained on the 12th day of the experiment. In Experiment 3 the greatest reduction was 7.9. This reading was first obtained on the 8th day of the intoxication. Judging by the percentage elimination of phenolsulfonephthalein, the degree of retention of blood urea, and the maximum reduction in the alkali reserve of the blood, we find that the height of the intoxication by uranium in these animals is reached between the 8th and 15th days of the experiment. Following this period, in this group of young animals, the functional capacity of the kidney shows a beginning improvement and the alkali reserve of the blood shows less depletion. The histological study of the kidney during such a period of functional recuperation shows, in addition to the evidence of repair in the connective tissue element, a progressive epithelial regeneration.
In Experiment 4, Group 3, (Table IV) , the height of the intoxication was reached on the 15th day of the experiment. At this stage of the experiment the animal gave a negative phenolsulfonephthalein test, the blood urea showed a retention of 0.297 per cent, and the alkali reserve of the blood had been reduced to 7.75. On the 18th day the animal had an elimination of phenolsulfonephthalein of 24 per cent, a "reduction in the retention of blood urea to 0.183 per cent, and an increase in the alkali reserve of the blood to 7.8. During the further course of the experiment, which was terminated on the 48th day, there occurred a gradual increase in the elimination of phenolsulfonephthalein, a decrease in the retention of blood urea, and an increase in the alkali reserve of the blood until the 30th day of the intoxication. At this period there occurred an unexplained relapse in the ai~imal's condition. The phenolsulfonephthalein elimination dropped to 21 per cent and during the following 6 days went as low as 16 per cent. With this change in the ability of the kidney to eliminate the dye, the blood urea rose from a retention of 0.045 per cent to a retention of 0.120 per cent. The alkali reserve of the blood was reduced from 7.95 to 7.9. Following this period of s~cond-ary injury another phase of improvement developed, so that at the termination of the experiment on the 48th day the animal had an elimination of phenolsulfonephthalein of 28 per cent, a blood urea of 0.065 per cent, and a reserve alkali reading of 8.0.
• The second experiment representative of this group of young animals (Experiment 3, Table lid shows a type of response similar to that of Experiment 4, which has been discussed in detail. Experiment 3 was terminated on the 35th day of the intoxication, 6 days after tile functional response of the kidneys gave evidence of an improvement in the degree of intoxication and after the beginning restoration of the acid-base equilibrium of the blood.
The pathology of the kidney in the experiments of Group 3 has been studied at two periods of the intoxication. Experiments have been terminated and the kidneys obtained for study within 10 days after the functional observations showed the period of improvement in the animals to have been established. In other animals of the group the experiments were terminated after the stage of improvement had persisted for a longer period, 20 to 38 days. By such a selection of tissue not only have observations been made of the processes of repair in the kidney, but it has been possible to study these changes in connection with the reestablishment of the functional capacity of the kidney.
The kidneys obtained from animals in the early stages of improvement from the intoxication show no gross evidence of disease.
The histological study shows a late stage in the regeneration of tubular epithelium (Fig. 3) . The regenerated epithelium remains of the flattened atypical type. The cytoplasm which stains deeply has differentiated into cell units. The nuclei are hyperchromatic and of large size in proportion to the surrounding cytoplasm. Most of the granular detritus, the result of the early epithelial necrosis, has been removed from the newly lined tubules. In some of the tubules regeneration has failed to develop. Such tubules are filled with necrotic material. A diffuse formation of intertubular connective tissue has occurred which is in the cellular stage.
The vascular pathology has consisted in an invasion of the glomeruli by fibroblasts with a matting together of the capillary loops. The capsules of the glomeruli have shown an early thickening with a marked periglomerular cellular fibrosis (Fig. 4) .
The kidneys obtained from animals late in the period of recovery from the intoxication have failed to show any gross change, such as an adherent capsule, scarring of the cortex, or any marked decrease in the proportionate relation between the cortex and medulla.
The histological study of this tissue has shown a later stage in the process of repair than was shown by tissue obtained from animals soon after a beginning recovery from the intoxication had been established. The sections have shown an increase in the number of tubules containing flattened, regenerated epithelium. Tubules with degenerating and necrotic epithelium are less numerous. The glomeruli show a later stage of fibrosis and the capsules show newly formed connective tissue fibers. The periglomerular and intertubular connective tissue has passed from the cellular stage to the stage of laying down connective tissue fibers (Fig. 5) . DISCUSSION. The experiments conducted in this investigation confirm the earlier work of Dickson, who demonstrated that uranium would produce in certain of the lower animals a chronic kidney injury comparable with certain of the chronic diffuse nephropathies of man. The experiments furthermore demonstrate the character and the severity of the functional disturbance associated with the various stages of the uranium intoxication. In these experiments it has been shown that the severity of the acute degenerative changes in the kidney is largely dependent upon the age of the animal. The older animals develop a more rapid and a severer type of intoxication than is the case with the younger animals. The intoxication is characterized by a reduction in the alkali reserve of the blood and by the development of a kidney injury. The injury to the kidney is expressed functionally by the appearance of albumin in the urine, a reduction in the elimination of phenolsulfonephthalein, and by a retention of blood urea. The reduction in the elimination of the dye occurs as the first indication of renal injury. The reduction progressively increases with the severity of the degeneration iil the kidney. The retention of blood urea is a somewhat later manifestation of kidney injury. A retention of blood urea may be deferred for 6 to 36 hours after the development of a marked reduction in the ability of the kidney to eliminate phenolsulfonephthalein. Subsequently, during the period of acute degeneration, the retention of blood urea shows a progressive increase.
Albumin has appeared in the urine of all the animals during the first 24 hours. Following its appearance the amount of albumin increases for the first 2 to 6 days of the experiment, and during this period the quantitative output of albumin has shown a relation with the renal functional tests. After this period, however, the amount of albumin in the urine rapidly decreases, while the reduction in the elimination of phenolsulfonephthalein and the retention of blood urea progressively increase. From this observation it would appear that quantitative determinations of the amount of albumin in the urine may give very imperfect informatfon concerning the degree of renal injury.
All the animals intoxicated by uranium have shown a disturbance in the acid-base equilibrium of the blood, as indicated by a reduction in the alkali reserve and by a decrease in the tension of alveolar air carbon dioxide. The depletion in the alkali reserve has developed more rapidly and has shown a greater degree of reduction early in the 6xperiments on the older animals than has been the case with the younger animals. The severity of the intoxication, as expressed by the degree of functional disturbance of the kidneys, has shown a parallel with the severity of the disturbance in the acid-base equilibrium of the blood.
A study of the intoxication in the animals of ~e various age groups shows that the older animals develop a type of kidney injury in which there is no attempt at regeneration, and therefore no reestablishment of renal function. In these animals there has failed to develop any attempt to restore the normal acid-base equilibrium of the blood. In the younger animals, however, epithelial regeneration does occur, and following this attempt at repair the functional capacity of the kidney improves and the depletion of the alkali reserve of the blood is in part restored. The earliest evidence of such functional restoration has consisted in a return of the ability of the kidney to eliminate phenolsulfonephthalein. Following this improvement the percentage retention of blood urea is decreased and still later the acid-base equilibrium of the blood returns towards the normal. In two of the younger animals during the period of recovery from the intoxication, the acid-base equilibrium of the blood was restored to the point of normality, yet in these animals the retention of blood urea remained high and the elimination of phenolsulfonephthalein was sufficiently low to indicate the existence of a severe grade of kidney injury.
CONCLUSIONS.
1. Uranium nitrate is relatively more toxic for old animals than for young animals.
2. This relative toxicity is not only expressed in the old animals by a greater functional disturbance of the kidney, but is also shown by an inability on the part of these animals to repair the kidney injury and reestablish its functional capacity.
3. The intoxication in younger animals has been followed by a repair of the renal injury and a partial restoration of kidney function.
4. In these animals the processes of repair lead to the development of a chronic diffuse type of nephropathy in which the acid-base equilibrium of the blood may be maintained at the point of normality. In these animals renal functional tests indicate the presence of severe kidney injury. (Table IV) . It shows an advanced stage of repair following the uranium intoxication which has resulted in the development of a chronic diffuse type of nephropathy. At A is shown the predominance of regenerated tubules, lined by flattened epithelium. At B is shown a shrunken glomerulus with a capsule thickened by the laying down of
